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FIG. 2. Monthly total number of tropical cyclones (open bars) in each basin during 1970–99 and the number of tropical cyclones that
underwent extratropical transition (shaded bars). Data as in Fig. 1.
b. Characteristics of extratropical transition
Extratropical transition is, as its name suggests, a
gradual process in which a tropical cyclone loses trop-
ical characteristics and becomes more extratropical in
nature. As a tropical cyclone moves poleward it expe-
riences changes in its environment (Schnadt et al. 1998).
These changes may include increased baroclinity and
vertical shear, meridional humidity gradients, decreased
sea surface temperature (SST) or strong SST gradients
(e.g., those associated with the Gulf Stream), and an
increased Coriolis parameter. The tropical cyclone may
come into proximity with an upper-level trough or a
mature extratropical system. If the tropical cyclone
makes landfall, it will experience increased surface drag,
a reduction of surface fluxes of latent and sensible heat,
and it may encounter orography.
When a tropical cyclone begins to interact with the
midlatitude baroclinic environment, the characteristics
of the cyclone change dramatically (Palme´n 1958; Mur-
amatsu 1985; Foley and Hanstrum 1994; Klein et al.
2000). In satellite imagery the inner core of the tropical
cyclone loses its symmetric appearance and gradually
takes on the appearance of an extratropical cyclone. The
nearly axisymmetric wind and precipitation distribu-
tions that are concentrated about the circulation center
of the tropical cyclone evolve to broad asymmetric dis-
tributions and expand greatly in area. Although the ex-
panding cloud field associated with a poleward-moving
tropical cyclone includes large amounts of high clouds
due to the tropical cyclone outflow into the midlatitude
westerlies, regions of significant precipitation are typ-
ically embedded in the large cloud shield.
Movement of a decaying tropical cyclone into the
midlatitude westerlies results in an increased translation
speed (Fig. 3), which contributes to the asymmetric dis-
tributions of severe weather elements. Over the ocean,
high wind speeds and large translation speeds contribute
to the generation of large ocean surface waves and swell
(Bigio 1996; Bowyer 2000).
The southwest Pacific basin is unique in that tropical
cyclones have an average eastward component of mo-
tion throughout most of their lives (Fig. 3). This is be-
cause they interact with the midlatitude westerlies early
in their life cycle: these may extend to 158S during the
Southern Hemisphere tropical cyclone season. As a con-
sequence, tropical cyclones start acquiring the asym-
metries characteristic of the onset of ET (section 3a)
around 208S, closer to the equator than in any other
ocean basin. On average, ET is complete by 308S (Sin-
clair 2002). In contrast, Northern Hemisphere storms
may preserve tropical characteristics as far north as
508N.
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FIG. 1. Tracks of all tropical cyclones that underwent extratropical
transition during 1970–99. (a) Western North Pacific. Tracks of trop-
ical cyclones defined to be extratropical in JTWC best-track data. (b)
Southwest Pacific [data as in (a)] and southeast Indian Ocean [tracks
of tropical cyclones that accelerated toward the southeast under the
influence of a midlatitude frontal system and maintained gales into
midlatitudes, the so-called captured cyclones in Foley and Hanstrum
(1994); best-track data taken from http://www.australiasevereweather.
com/cyclones/history.htm]. (c) North Atlantic. Tracks of tropical cy-
clones defined to be extratropical in National Hurricane Center best-
track data.
of the increased translation speed, the potential for rapid
intensification, and the severity of the weather associ-
ated with ET, especially given the fact that the quality
of numerical forecasts is not yet reliable for ET.
a. A brief climatology
Extratropical transition of a tropical cyclone occurs
in nearly every ocean basin that experiences tropical
cyclones (Fig. 1), with the number of ET events fol-
lowing a distribution in time similar to that of the total
number of tropical cyclone occurrences (Fig. 2). The
largest number of ET events occur in the western North
Pacific (Fig. 2b) while the North Atlantic basin contains
the largest percentage of tropical cyclones that undergo
ET (Fig. 2a), with 45% of all tropical cyclones under-
going ET in the 30-yr period shown. In the eastern North
Pacific the synoptic conditions associated with the pres-
ence of a strong subtropical ridge are not conducive to
ET.
In the southwest Pacific, ET has a significant impact
on Australia and New Zealand, being triggered by the
approach of a midlatitude trough from the west (Sinclair
2002). However, because of the time frame shown, and
due to the lack of a comprehensive definition of ET (as
discussed later in this section), Fig. 1b underestimates
the threat posed by ET to eastern Australia (J. Callaghan
2002, personal communication). Over the southeast In-
dian Ocean, relatively few tropical cyclones undergo
ET (Figs. 1b and 2d). There, ET occurs most frequently
when a large-amplitude cold front approaches within a
dista ce of around 1700 km or less of a tropical cyclone.
This is most likely to occur in the late summer or au-
tumn. Such events result in significant impacts occurring
every 20 yr or so (Foley and Hanstrum 1994).
Hart and Evans (2001) show that ET in the Atlantic
occurs at lower latitudes in the early and late hurricane
season and at higher latitudes during the peak of the
season. The highest percentage of ET events occurs in
September and October. The increased probability that
Atlantic ET will occur during these months can be ex-
plained by comparing the geographical location of the
areas that support tropical and extratropical develop-
ment (see Hart and Evans 2001 for details of the cal-
culation). In September and October the distance that a
tropical cyclone must travel from the region that sup-
ports tropical development to the region that supports
extratropical development is shorter than in other
months, implying that a tropical cyclone is more likely
to reach the region of extratropical development and
thus more likely to undergo ET. Hart and Evans (2001)
showed also that most of the storms that intensify after
ET form in the deep Tropics and that a large number
of these are Cape Verde cyclones.
Tropical cyclones that have undergone ET have been
tracked across the Atlantic or the Pacific (e.g., Thorn-
croft and Jones 2000). Such systems may reintensify
many days after ET and bring strong winds and heavy
rain to the eastern side of the ocean basin [e.g., Hur-
ricane Floyd in 1993 (Rabier et al. 1996); Hurricane
Lili in 1996 (Browning et al. 1998)].
More detailed climatologies of ET are available for
the west coast of Australia (Foley and Hanstrum 1994),
the western North Pacific (Klein et al. 2000), the North
Atlantic (Hart and Evans 2001), and the southwest Pa-
cific (Sinclair 2002).
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‘coherent	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Fig. 15 from the DOWNSTREAM Experimental Design Overview (Davis and Harr)	  
proposed upcoming field program over the North Atlantic to directly observe 
interactions between perturbation mechanisms and the waveguide	  
Currently scheduled for fall 2016	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•  88	  mm	  /	  24	  hr	  at	  Venabu,	  Norway	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  highest	  recorded	  	  24-­‐hr	  precipita>on	  since	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Image provided by the NOAA/ESRL Physical Sciences Division, 













Lillehammer	  Flood	  –	  Map	  IntroducGon	  
potential temperature on the 1.5 potential vorticity unit (PVU) surface (shaded) 
 
total wind velocity on the 1.5 PVU surface (wind barb) 
	  










Lillehammer	  Flood	  –	  Map	  IntroducGon	  
250 hPa wind velocity (color shaded); precipitable water (b/w shaded) 
	  
Sea-level Pressure (solid black contour)  
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